A new mechanism of corrosion inhibition, "oxidative-addition", in which a group, X-Y, adds to a metal surface with a X-Y bond scission, is proposed and has been established by using benzyl halide as a inhibitor for the iron corrosion in sulfuric acid. Benzyl halide showed greater inhibition effects than phenyl or phenethyl halide, and the effect increased in the order, chloride <bromide<iodide. Shifts of the rest potential of iron towards the noble one and large cathodic inhibitions by adding benzyl halides indicate that the inhibition was caused by the oxidativeaddition, i. e. the adsorption of both 3-benzyl and halogen ligands on the iron surface. The existence of carbon and halogen on the iron surface inhibited by benzyl halide was confirmed by the EPMA measurements. The results of the HPLC measurements that the decrease of benzyl halide concentration in sulfuric acid was accelerated by adding iron powder also supported an occurrence of the oxidative-addition reaction on the surface besides hydrolysis in solution. Formation of a multi-molecular layer on the surface by the reaction with benzyl halide is suggested by the same measurements.
Introduction
Corroding transition metal surfaces are adsorbed by many kinds of organic molecules including not only classic Lewis-bases, i. e. compounds that have lone pairs on nitrogen, oxygen or sulfur, but also some r-acids like acetylenes1)-5), olefins2),6) and carbon monoxide7), 8) . It is wellknown in organometallic chemistry that such jr-acids show a distinct tendency to make a stable bond with activated transition metals or transition metal complex ions in low oxidation states rather than with high oxidation state metal ions, because of the larger back-donation ability of the former two. Then, the affinity of n-acids for corroding metal surfaces indicates that the property of transition metals in low oxidation states can be a reference for the investigation of organic inhibitors for corrosion of transition metals in acid solutions. "Oxidative-addition" shown in Eq. (1), M+X-Y-pX-M"-Y (1) where M and X-Y represent a metal and an organic molecule, respectively, is one of the most typical reactions of activated transition metals and of transition metal complexes in low oxidation states.
In this reaction occurs an increase of formal oxidation number of the metal. Of our interests are the problems whether oxidative-addition of organic molecules would occur on the surfaces of corroding transition metals in acid solutions and whether, if the addition took place, corrosion could be inhibited.
Organic halides, i. e. compounds containing a C-X (X: halogen) bond, are facile to perform the oxidative-addition, when both M-C (M: metal) and M-X bonds are formed. As halide ions have been reported to inhibit corrosions in acid solutions8),10)-12), the formation of an M-X bond on the metal surface is expected to bring corrosion inhibition effects. In organic halides, benzyl halide is reactive to transition metals and make rather stable oxidative-addition products13), 14) We have, therefore, firstly examined benzyl halide as the "oxidative-addition" inhibitor for the iron corrosion. In the present paper, we discuss the occurrence of the "oxidative-addition" on the iron surface by using the results of weight loss and polarization measurements. In addition, results of HPLC measurements of the amount of benzyl halide adsorbed on the surface and EPMA analysis of the surface immersed in the solution of benzyl halide are reported. 
Adsorbed inhibitor measurements
Inhibitors were added to a deaerated corrosive solution and the change in concentration of inhibitors was monitored for 1 h by HPLC (Shimazu LC-5A). Iron powder (Merck, surface area: 0.39m2/g) was then added into the solution and the change of inhibitor concentration was followed for another hour. The amount of inhibitors adsorbed on the iron surface was calculated from the curves of concentration change before and after the addition of iron powder.
2.5 Qualitative elemental analysis of the iron surface The same iron rod as used in the polarization measurements was embedded in a Teflon rod and abraded with 0.3 alumina paste. After ultrasonic cleaning in acetone and washing with water, it was immersed in a deaerated solution without or with the inhibitor for 1h. The iron surface was washed with water, dried in vacuo, and analyzed with electron micro analyzer (Shimazu EPM-2A).
3. Results and Discussion 3.1 Inhibition effects of benzyl halide weight loss measurements of iron were performed in the solution saturated with phenyl halide, benzyl halide or phenethyl halide. In Fig. 1 are shown inhibition efficiencies, IW (%), calculated from Eq. (2), I=(1-w/w)x100 (2) where w and w are the weight losses in the inhibited and uninhibited solutions, respectively. Benzyl halides gave greater inhibition effects than other halides.
The organic halides used in this experiment have two possible binding sites with a metal; one is a halogen atom and the other a benzene ring. The polar substituent constants, a.*15) of C6H5, C6H5CH2 and C6H5CH2CH2 are 0.60, 0.22 and 0.08, respectively, which indicate that the binding force of the halogen atom in benzyl halide should be between that of phenyl halide and that of phenethyl halide. The Hammett substituent constants15), om and ap of CH2C1, CH2Br and CH2I are 0.11 and 0.12, 0.12 and 0.14, and 0.10 and 0.11, respectively. They are between the values of H (am: 0, ap: 0) and of X (X=CI, am: 0.37, 6p: 0.23; X=Br, cm: 0.39, Up: 0.23; X=I, am: 0.35, ap: 0.18)15). It suggests that the binding force of the benzene ring of benzyl halide is similar to that of benzene* or phenyl halide. Consequently, the simple adsorption of benzyl halide on the iron surface through a halogen atom and/or a benzene ring seems not consistent with the result of greater inhibition effect by benzyl halide than other halides. Polarization curves of iron in the solutions saturated with benzyl halides are given in Fig. 2 . In them appeared two distinctive features as follows. 1) The rest potential of iron shifted to the noble one and the shift became larger in the order, chloride <bromide <iodide.
2) The current density in the cathodic branch became small by addition of benzyl halide and this inhibition was observed even at -700mV vs. SCE, whereas the inhibition of anodic reaction decreased with the raise of the potential and the current density was similar to that in the case of no inhibitors at ca. 400mV vs. SCE. The potential shift and its change by the difference of halogen atom in benzyl halide indicate the direct bonding of the halide ion to the iron surface. Formation of the ironhalide ion bond means that a chemical reaction including the carbon-halogen bond cleavage in benzyl halide occurs. For that reaction, hydrolysis and oxidative-addition are considerable. The occurrence of some chemical reaction on the iron surface is also supported by the fact that the surface became dark in the solutions of benzyl chloride and bromide. Fig. 3 . Inhibition efficiency, Ip (%), was calculated from Eq. (3), Ip=(1-lcorrlcorr)x100 (3) where ieorr and iCorr are the corrosion current densities for the inhibited and uninhibited electrodes, respectively. The relatively high inhibition efficiencies (>70%) were obtained when the concentration of benzyl chloride is high, while the hydrolysis products also exhibited some inhibition effects. Polarization curves of iron inhibited with benzyl chloride (a) and its hydrolysis products (b) are shown in Fig. 4 . In the solution of benzyl chloride, cathodic reaction was mainly inhibited. On the contrary, only anodic reaction was inhibited with the hydrolysis products of benzyl chloride and the inhibition was observed even at -400mV vs. SCE, that is probably due to the action of chloride ion. We also performed polarization measurements of the iron electrode for a solution where most of benzyl iodide is hydrolyzed (b) and for a solution containing only iodide ion (c). Results are given in Fig, 5 . The polarization curve in the solution of the hydrolysis products (b) was different from that in the solution of benzyl iodide (a). Both the cathodic inhibition and the rest potential shift by the hydrolysis products were smaller than those by benzyl iodide. The anodic inhibition by the hydrolysis products was observed at -400mV vs. SCE, but the inhibition by benzyl iodide became small at that potential. The polarization curve in the solution of the hydrolysis products (b) resembled to the one in the solution containing only iodide ion (c). Namely, those three curves indicate that the inhibition effect of the hydrolysis products of benzyl iodide is mainly due to iodide ion and that the inhibition effect of benzyl iodide is not produced by hydrolysis. Eq. (4), oxidative-addition of benzyl halide to a transition metal gives a 3-benzyl complex which is more stable than the complexes with metal-aryl or -alkyl bond. For example the complexes with metal-l3-benzyl bond, [3-C6H5CH2MCl]2 (M= Pd13), Pt14)), are stable at room temperature, whereas the decomposition temperatures of the compounds with metal-aryl or -alkyl bond are low as follows: C6H5PdC1, -116Ci7; C6H5PdBr, -116C17); CH3PdBr, 100C18); C2H5PdBr -100C16).
It is, therefore, considerable that the greater inhibition effect of benzyl halide than other halides is generated by the oxidative-addition of them to the iron surface, The 3-benzyl ligand is a kind of r-allyl ligands, which are formally monoanionic and bind to a transition metal not only by the donation from the ligand to the metal but also by the back-donation from the metal to the 2r* orbital of the ligand. The rest potential shift in the case of benzyl iodide which was larger than that in the case of iodide ion only is reasonable if oxidative-addition is caused, because negative charges of the "l3-benzyl and halide ligands were supplied from the iron surface and then the surface must be electrified less negatively. The large cathodic inhibition effect by benzyl halide is also explicable because the metal-Y3-benzyl bond seems to be stable in the cathodic branch of the polarization curve owing to the capacity of backdonation to the 2r* orbital of 3-benzyl ligand. In addition, the decrease of inhibition effect by benzyl halide in the anodic branch at ca. 400mV vs. SCE suggests that the halide ions existed on the iron surface are eliminated at that potential and that the concentration of halide ion in solution is sufficiently low. There is a possibility that oxygen is concerned with the darkening of the iron surface observed in the aerated solutions with benzyl chloride and bromide. Comparisons between aerated and deaerated conditions were performed by weight loss measurements and observation of the surface. Under, nitrogen atmosphere also occurred the darkening of the surface immersed in the solution with benzyl chloride or bromide, and the inhibition efficiency in air was similar to that under nitrogen atmosphere as shown in Table 1 . It is concluded that the darkening has no relation with oxygen and was generated by the action of benzyl chloride or bromide by itself. with benzyl iodide and its hydrolysis products. a C 6H5CH2I at 3Mx10-3M. b Hydrolysis products of C6H5CH2I (C6H5CH2OH at 3.0x10-3M and C6H5CH2I at 5x1015M).
C NaT at 3.0 x10-3M. The relation of the inhibition efficiencies with the concentration of benzyl halides are shown in Fig. 6 . The inhibition efficiencies increased sharply near the concentration of benzyl halide saturation.
3.2. The amount of benzyl halide adsorbed on the iron surface Benzyl halide decomposes into a benzyl radical and a halogen radical in the oxidative-addition reaction. The amount of benzyl halide decreases if the radicals do not regenerate a benzyl halide (reductive-elimination) at the next stage. We hava measured the change of the halide concentrations in the solution before and after the immersion of iron by HPLC in order to know the amount of benzyl halide adsorbed on the iron surface and to investigate the change of the decomposition rate of benzyl halide between before and after the immersion of iron. Under the same experimental conditions as the weight loss and polarization measurements, there appeared no detectable changes in the decreasing rates of benzyl halide concentrations and increasing rates of benzyl alcohol concentration before and after the immersion of iron. Subsequently, iron powder with a large surface area was used for the purpose of calculating the amounts of benzyl halides adsorbed on the iron surface. The changes in the concentrations of benzyl halides are shown in Fig. 7 . The logarithms of the halide concentration seem to decrease linearly with the time both before and after the addition of iron in the solution. The decomposition rates of benzyl halides before and after the addition of iron and the difference between them are given in Table 3 . The decomposition became faster by adding iron in the all. solutions of benzyl halides, and the difference between the rates before and after the addition of iron became larger in the order, chloride <bromide <iodide. This order was consistent with that of inhibition efficiency. Although the decomposition (rate of) benzyl iodide changed by adding iron, the formation rate of (benzyl alcohol), which corresponds to the rate of hydrolysis, was not influenced by the iron addition (see Fig. 7 ). As the result, the total amount of benzyl iodide and benzyl alcohol decreased after the addition of iron. This tendency appeared commonly in the cases of other benzyl halides. It means that a reaction other than hydrolysis took place on the iron surface, which also supports an occurrence of the oxidative- Table 1 Influence of oxygen on inhibition effects of benzyl halides Table 3 , is considered to be the amount of halide adsorbed on the surface at the moment of iron addition. Using the covering area of ri3-benzyl obtained by projection of the molecular model on a plane (S(C6H, CH2)=49A2), and the covering areas of halide ions calculated from their ionic radii (S(C1)=10A2, S(Br)=12A2, S(I)= 15A2), the number of the ratio, n=(the amount of reacted benzyl halide to the iron surface at the moment of iron addition)/(the calculated amount with which benzyl halide forms the monolayer on the surface), was calculated. As is shown in Table 3 , the number, n, is larger than unity in all cases, indicating the formation of a multi-molecular layer on the surface. 3.3 Qualitative elemental analysis of the surface by EPMA Preliminaly observation and qualitative elemental analysis of the iron surfaces inhibited by benzyl halides were attempted by the EPMA method. There exist many small dark spots on the iron surfaces immersed in the solution of benzyl halide for 1 h (see Fig. 8 ). In the case of benzyl iodide, adhesive substances seem to exist on the surface. Analysis of the elements, C, 0 Table 3 The amount of benzyl halide adsorbed on the iron surface.
a The value A is defined in Fig.  7 . and X (X=C1, Br or I) on the surface revealed the existence of C and X (X=CI or I) and the absence of 0 on the same spot on the surface by comparing with the surface immersed in the solution with no inhibitors. It is consistent with the existence of both the 8-benzyl and halogen ligands on the surface.
Conclusion
Benzyl halides, C6HCH2X (X=CI, Br, I), inhibited the iron corrosion in 1N sulfuric acid. The inhibition effect increased in the order, chloride< bromide <iodide.
It has been comfirmed by weight loss and polarization measurements that the inhibition was caused by the "oxidativeaddition" of benzyl halides to the iron surface. It means that v3-benzyl and halogen ligands were adsorbed on the iron surface. The existence of both halogen and carbon was identified on the iron surface immersed in a benzyl halide solution by EPMA. The analysis of the amount of benzyl halide adsorbed on the iron surface with HPLC indicated the formation of a multi-molecular layer by the oxidative-addition of benzyl halide. This layer was persistent to the cathodic polarization, but relatively destroyed by the anodic polarization.
We have proposed and revealed the existence of oxidative-addition inhibitors in this paper. More distinctive investigation upon the mechanism of the oxidative-addition reaction on the surface and the application to other metals and inhibitors are now in progress.
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